INTRODUCTION
Copper ferrites of formula CuFe O \B are distinguished from other spinel ferrites because of the tetragonally distorted spinel structure exhibited by them, on the one hand, and the inability to have a cation/oxygen ratio higher than 3/4, on the other. Close to thermodynamic equilibrium at room temperature, the copper ferrites may be described by the structural formula Fe> [Fe>Cu>] O\ , in which the octahedral cations are placed inside square brackets (1) (2) (3) . The spinel lattice is thus highly distorted (c/a&1.06) because of a cooperative Jahn-Teller effect arising from the octahedral cupric ions (4, 5) . Part of the Cu> ions can be frozen in tetrahedral sites when the ferrites are quenched in air from temperatures higher than 400°C (1, 3, 6, 7) . The resulting ferrites show a smaller tetragonal distortion since a great proportion of the cupric ions are located on tetrahedral sites. Moreover, quenching treatments in air from temperatures higher than 750°C lead to the formation of oxygen-deficient spinel ferrites, the nonstoichiometry arising from the reduction of some of the Cu> ions to Cu> ions (8, 9) . Some authors (7, 9) consider that the Cu> ions are located in the interstitial sites (i.e., sites normally not occupied in the spinel structure).
Annealing treatments can modify the cationic distribution and the oxidation states of the ions in copper ferrites. In particular, Cu> ion migration from the tetrahedral to the octahedral sites and Cu> oxidation can occur around 250-350 and 350-420°C, respectively, when the samples are heated at 10°C/min (9) . When placed in octahedral sites, the Cu> ions need greater energy to migrate to the tetrahedral sites and such a migration occurs above 400-450°C for comparable heating rates (7) .
It has been shown that the coercivity of fine powders of copper ferrites or mixed cobalt-copper ferrites is strongly dependent on the distortion of the spinel lattice, the coercive force increasing with the distortion (7) . It is also known that directional ordering (10, 11) can occur in cobalt-containing spinel ferrites due to the mobility of the cations at moderate temperatures (12) (13) (14) (15) . This is essentially a short-range ordering of the cations on the octahedral sites along the local magnetization direction which allows minimization of the energy of the magnetic material. The anisotropy induced due to directional order is a property related to the metastable reorganization of local atomic surroundings, which can lead to an increase in the coercivity for acicular singledomain particles containing cations with strong magnetocrystalline anisotropy such as Co> and Fe>. A method for examining the directional order consists of plotting the coercivity, measured at room temperature, after each step of annealing from 25°C to the Curie temperature of the sample (16) . The temperature at which directional order occurs in fine powders of spinel ferrites is generally in the 200-300°C range. In samples free of directional order, it is revealed by the increase in the coercivity. Above 300°C, the metastable order is progressively destroyed and a decrease in coercivity is observed in the H "f (¹ ) curves. We have attempted to correlate the variation in the magnetic properties with the structural changes in finely divided cobalt-copper ferrites. For this purpose, we have investigated the cationic migration in the spinel lattice due to annealing in quenched and slowly cooled (10°C/h) acicular fine powders of Co V Cu \V Fe O (04x41) ferrites.
EXPERIMENTAL
CuFe O and Co V Cu \V Fe O particles were prepared by a chimie douce method using oxalate precursors. The method consists of two main stages. In the first, a concentrated solution of cupric, cobaltous, and ferrous chlorides is reacted with an oxalic acid solution to get a precipitate of oxalates. The metallic salts were initially dissolved in a mixture of water, ethylene glycol, and hydrochloric acid, while the oxalic acid was dissolved in an ethyl alcohol (95%) and water (5%) mixture. These alcoholic solutions, which have dielectric constants lower than that of pure water, help to obtain smaller oxalate particles than in aqueous medium alone (17) . Moreover, in pure water, the chemical precipitation of copper and iron ions by oxalic acid leads to the formation of -FeC
On the other hand, in the aqueous alcohol medium, a pure mixed oxalate is obtained, in spite of the structural differences between iron and copper oxalates (20) .
The X-ray diffraction patterns of the oxalates prepared in this manner revealed only one system of lines, similar to the diagram of -FeC O ) 2H O described by Deyrieux et al. (18) . Evidence for the substitution of iron by copper is provided by the modification of the lattice constants. The unit cell parameters are a"1.206 nm, b"0.547 nm, and c"1.566 nm with a standard deviation of &0.006 nm for a mixed oxalate with Cu:Fe"1:2, instead of a"1.226 nm, b"0.557 nm, and c"1.548 for -FeC O ) 2H O. Substitution of copper by cobalt is revealed by the modification of the lattice constants, higher cobalt contents leading to an increase in the a and b parameters and a decrease in the c parameters. High cobalt content also leads to a decrease in the length and the diameter of the particles. The weight losses measured by thermogravimetry after the decomposition of the mixed oxalates into Cu \V Co V Fe O show that these salts can be described by the general formula
In the second stage, the oxalate precursors were slowly decomposed in air at 710°C for 4 h and quenched (Q samples) or slowly cooled at !10°C/h (SC samples). The resulting products were monophasic with tetragonal or cubic spinel structures ( Table 1 ). The heat treatment used allows the pseudomorphic transformation of the acicular oxalate crystals, leading to acicular ferrite particles ( Fig. 1 ) with sizes directly linked to the sizes of the corresponding precursors particles. The length and the diameter of the spinel oxide particles were lower when the Cu content decreased (Fig. 1) . However, for all the samples prepared, the heat treatment was adjusted to obtain a mean crystallite size, close to 45 nm, as measured from X-ray line broadening using the Scherrer method.
The morphology of the powders was determined by scanning electron microscopy (SEM) using a JEOL JSM 6400. To verify their purities, all samples were analyzed by X-ray diffraction using a Siemens X-ray diffraction unit (Model D501) and a cobalt target. Differential scanning calorimetry (DSC) experiments were carried out in air with a SETARAM DSC 111G. These measurements were made on about 65 mg of powder. Magnetic properties were measured on a S2IS M2000 pulsed-field magnetometer, which allows the application of a maximum magnetic field of 25 kOe. The measurements were done at room temperature on packed samples (packing density close to 1 g/cm).
Diffuse reflectance spectra in the UV-visible and nearinfrared regions were obtained with a Perkin-Elmer Lamda 9 spectrophotometer equipped with an integrating sphere accessory (the integrating sphere was coated with BaSO and the spectra were referenced against BaSO ). For a more precise comparison in the near-infrared region, the spectra of cobalt ferrites were converted to the Kubelka-Munk remission function by F(R)"(l!R)/2R"k/s, where R is the reflectance and k is the absorption coefficient. Assuming that the scattering coefficient s has a small variation with the wavelength over the range of interest, the shapes of the remission function and absorption spectrum are identical.
Fe Mo¨ssbauer spectra of the samples were recorded employing a constant-acceleration spectrometer using a 25-Ci Co source in a Pd matrix (Amersham Corp., U.K.). Absolute velocity calibration was done with an Fe foil of 25-mm thickness and the isomer shifts are reported with respect to the same. The spectra were computer fitted using a general Lorentzian routine on a VAX 88 system. EXAFS spectra were recorded with a Rigaku spectrometer with a rotating-anode X-ray generator (Ru-200B, Rigaku, Japan). A Ge(220) crystal was used as the monochromator with a 0.1-mm slit for X-rays from a Mo target. The spectral resolution was about 5 eV at 9-keV incident energy. The ferrites were pressed into self-supporting wafers after mixing with fine polyethylene powder. The thickness of the wafer was adjusted so that the edge jump ( d) in the EXAFS was around 2.0 in every case.
X-ray absorption pre-edge data were collected in steps of 5 eV for 100 eV, and data up to 700 eV after the edge were collected in steps of 1 eV. EXAFS spectra of reference compounds, CuO and Cu O, were recorded in a similar way. Fourier transforms of the EXAFS data were obtained with k &3.5 and k &11 A s \ after weighting the data with k. McKale's phase and amplitude functions were used for the curve fitting.
DEPENDENCE OF MAGNETIC PROPERTIES ON THE CATION DISTRIBUTION

Copper Ferrite
To investigate the influence of the structure on the magnetic properties, both the SC and Q samples were annealed in air for 20 h at increasing temperatures ¹ , ¹ , 2 , ¹ G . After each annealing at ¹ , ¹ , 2 , ¹ G , the samples were quenched and their magnetic properties measured at room temperature. Figure 2 shows the variation of coercivity with annealing temperature.
In the case of the SC sample, the coercivity remains constant for annealing temperatures from 25 to 250°C. Above 350°C, the coercive force decreases drastically due to the migration of Cu> ions from the octahedral to the tetrahedral sites in the spinel lattice, as revealed by the variation of the tetragonal distortion (c/a) of the unit cell (Fig. 3) as well as the saturation magnetization, M (Fig. 4) . In the SC sample, the copper ions occupy the octahedral sites of the spinel lattice, leading to a structural formula close to Fe>[Cu>Fe>]O\ , corresponding to the equilibrium distribution at room temperature. The spinel structure is therefore strongly tetragonally distorted and the c/a ratio has a value of 1.06$0.001. On heating the sample, the copper ions migrate to tetahedral sites and the structural formula of the ferrite changes to Cu> ? octahedral sites gives rise to a less distorted crystalline structure (5-7). If we assume the magnetic moments of the Fe> and Cu> ions to be close to 5 and 1 , respectively, the saturation magnetization at 0 K for Cu> ?
]O\ is expressed by M Q " (octahedral sites magnetic moments)! (tetrahedral sites magnetic moments)"(1#8 ) . The migration of Cu> ions from octahedral to tetrahedral sites increases and increases the saturation magnetization. The annealing modifies the structural formula of the SC sample only at temperatures higher than 350°C. Above 350°C, we observe a decrease in the c/a ratio (Fig. 3) and an increase in M (Fig. 4) due to the migration of Cu> ions from the octahedral to the tetrahedral sites. The drastic drop in the coercivity (Fig. 2) above 350°C is likely to be the result of the decrease in the crystallographic anisotropy of the unit cell.
CuK XANES measurements were performed on SC and Q samples of CuFe O as well as on the reference compounds (CuO and Cu O). The main peak in both the Q and SC CuFe O samples was found around the same energy as CuO, implying that the majority of copper ions are in the 2#state. However, the spectrum of the Q sample showed a slightly more pronounced shoulder on the rising edge of the main peak compared to the SC sample, probably due to the presence of a small proportion of Cu> ions.
The Fourier transforms (FT) of the CuK EXAFS of the slow-cooled and the quenched samples are shown in Fig. 5 . We see two peaks in each case centered around 1.6 and 2.6 A s . The first peak arises due to Cu-O coordination while the second is due to Cu-Cu(Fe) coordination. Curve-fitting analysis of the inverse transformed data from the first peak (r window: 1.3-2.1 A s ) gave a good fit with two sets of Cu-O distances around 2.0 and 2.42 A s , the long distance (2.42 A s ) probably originating from the octahedral sites. From Table  2 , we see that the coordination number associated with the short distances (2.0 A s ) is relatively high in the quenched sample, indicating that the same proportion of copper ions may be frozen in the tetrahedral sites.
From Fig. 2 , we see that after the first range of annealing (zone I in Fig. 2) , successive annealing at higher temperatures causes a progressive approach toward the equilibrium state (zone II). The IIa region corresponds to the migration of the Cu> ions from the tetrahedral to the octahedral sites, and the IIb region is related to the oxidation of Cu> ions formed in the Q samples due to nonstoichiometry. Calorimetric analysis of the Q samples reveals two exothermic peaks previously ascribed (7) to the migration of the Cu> ions into the octahedral sublattice and the oxidation of the cuprous ions, respectively. In contrast, the calorimetric curves of the samples after successive annealing show the disappearance of the first peak when annealed in the region IIa, and the disappearance of the second peak when annealed in the region IIb. Furthermore, the formation of octahedral Cu> ions due to the migration of cupric ions and the oxidation of cuprous ions is confirmed by the increase in the tetragonal distortion ( Fig. 3 ) and also the decrease in the saturation magnetization (Fig.  4) . The samples reach an equilibrium state in region III and exhibit the same behavior as the SC samples above 350°C, corresponding to region IV in Fig. 2 . Above 350°C, part of Cu> ions move back to the tetrahedral sites. The variation in the coercivity of the Q samples is roughly related to the distortion of the lattice. The coercivity generally increases with the c/a ratio (Figs. 2 and 3 ), except in region IIa, where a slight decrease of the coercive force is observed despite the increase of the cell distortion.
Mixed Cobalt-Copper Ferrites
The annealing treatments described earlier in the case of copper ferrite were given to the mixed cobalt-copper ferrites as well. For the SC sample of Cu Co Fe O , the first depletion in coercivity is observed close to 300°C and a second one above 400°C (Fig. 6a) . From the literature, the first decrease in coercivity is ascribed to the destruction of the directional order established during slow cooling. Furthermore, no significant change in the saturation magnetization is observed in this range of annealing temperatures (Fig. 7) , indicating the absence of intersublattice migration. The second decrease may, however, be ascribed to the migration of Cu> ions from octahedral to tetrahedral sites in the SC CuFe O sample. The increase in the saturation magnetization found at room temperature is consistent with this interpretation.
The coercivity of Q Cu Co Fe O exhibits a variation similar to that Q CuFe O (Fig. 6) . However, the big coercivity jump observed at the annealing temperatures of 270 and 310°C can be ascribed to the migration of tetrahedral Cu> ions into octahedral sites (as revealed by the decrease in saturation magnetization (Fig. 7) as well as to the creation of directional order. There is some evidence for occurrence of directional order in Co-containing spinel ferrites heated at 250-300°C (13) (14) (15) .
At low annealing temperatures ((400°C), the H " f (¹ ) curves in all the mixed Co-Cu ferrites are similar independent of the cobalt content (Fig. 6) . At high temperatures, however, a peak in coercivity is seen, especially in the Q samples. This may be ascribed to the migration of the cobalt ions. It is known that Co> ions are mainly sixfoldcoordinated in CoFe O , but some of them are located in tetrahedral sites (21) (22) (23) . The proportion of the fourfoldcoordinated Co> ions is an important as the quenching temperature (24) . The peak in coercivity at an annealing temperature of 450°C may be interpreted as follows (Fig. 6) .
Annealing between 400 and 450°C gives sufficient energy to displace the Co> ions from the tetrahedral sites to the octahedral sites. The resulting coercivity enhancement is all the more prominent since a large proportion of the Co> ions are displaced. This is why the greatest coercivity variations are observed for the Q samples wherein the cation distribution is far from equilibrium. Above 450°C, the thermal energy allows the destruction of the equilibrium state and the Co> ions also migrate from the octahedral to the tetrahedral sites. Accordingly, SC and Q samples show the same behavior in this range of temperature. Mo¨ssbauer spectra of CoFe O ( Fig. 8 and Table 3 ) do not show any significant difference in the samples annealed at 400-450°C. In this respect, measurement of the coercivity is more sensitive than the Mo¨ssbauer spectra to reveal cation migration.
Because of the directional ordering discussed earlier, the coercivity of the quenched CoFe O sample reaches a maximum value for a temperature close to 275°C. In the other samples, the increase in coercivity occurs above this temperature because of the cupric ion migration. Such an increase in coercivity occurs not only when the migration gives rise to or favors the tetragonal distortion of the lattice but also when the unit cell remains cubic. It therefore seems that the local deformation of the lattice due to the distorted octahedral sites containing Cu> ions suffices to produce magnetoelastic effects responsible for the enhancement of the coercivity. As expected in such paramagnetic spinels, the absorption coefficient k for the Cu> ion in tetrahedral coordination is 10 times higher than that of octahedral Cu>. Bands at energies higher than 16,000 cm\ are more intense than the transitions related to the (t? g )(e? g )(t@ g ) configuration and give a steep absorption edge. In inverse ferrites (25) , a band near 19,000 cm\ is unambiguously assigned to a composite of the A P¹ (G) ligand field transition of tetrahedral Fe> and A #A P¹ #¹ (G) pair transitions. In these compounds, the A-B antiferromagnetic interaction enhances the intensity of the ligand field transition.
OPTICAL PROPERTIES AND CATIONIC DISTRIBUTION
Tetrahedral cobalt(II) is identifiable by means of the A P¹ (F) transition in the range 6000-7500 cm\ (1650-1350 nm). In the electronic spectrum of CoFe O , the absorption edge is shifted to lower energies. The strong absorption at about 14,000 cm\ (700 nm) is due to the overlapping of the A P¹ (P) transition of the tetrahedral Co> ions and the Co>#Fe>PCo>#Fe> metal-metal charge transfer transition (26) (27) (28) . The vari- (Table 5) . A comparison of the experimental data on copper ferrite with the data for mixed copper ferrites prepared by the usual ceramic method (29, 30) leads to the conclusion that in the SC sample and the Q sample annealed at 500°C, &10% of the Cu> ions are in tetrahedral coordination. Heat treatment of the quenched samples at 300°C induces the migration of the Cu> ions from the tetrahedral to the octahedral sites. The decrease in the optical absorption and the increase in the coercivity found in CoFe O samples annealed around 425-450°C are explained on the basis of the migration of Co> ions from the tetrahedral to the octahedral sites. Above 450°C, an inverse migration is observed.
Two peaks in coercivity were observed at 275-300°C and 450°C in the case of CoFe O (Fig. 6d) are observed. The first one, occurring above 350°C, is due to the displacement of the octahedral cupric ions to the tetrahedral sites. From 400 to 450°C, some of the Co> ions which were not stabilized in the octahedral sites during the slow cooling migrate into the octahedral sites. The cobalt ions, however, are displaced from their stable coordination by annealing carried out above 450°C. In the quenched samples, Cu> ions move from the tetrahedral to the octahedral sites from 150 to 250°C and the Cu> ions are oxidized between 250 and 300°C. The quenched samples annealed from 300 to 350°C have a cation distribution close to that of the slowly cooled particles. Above 350°C, the slowly cooled and the quenched samples exhibit a similar behavior. The magnetic anisotropy of acicular Co V Cu \V Fe O particles depends on the location of both the cupric and cobaltous ions. The strengthening of the magnetic anisotropy results from the distortion of the spinel lattice due to the cooperative Jahn-Teller effect of the octahedral cupric ions, on the one hand, and the coordination and directional ordering of the cobaltous ions, on the other. Because of the strong dependence of the anisotropy on the location of cations, the measurement of coercivity is a sensitive probe for following cation migrations after successive annealing. Furthermore, the distortion of the unit cell, the directional order of the octahedral Co> ions, and the shape anisotropy of the particles combine to render Co V Cu \V Fe O ferrite powders to become very hard magnetic materials with coercivities up to 4000 Oe.
